ABSTRACT The effects of numerical edge conditions and of the relative contributions of geological processes or factors to primary hydrocarbon migration are studied using the GEOPETII program developed by the Basin Modeling Group at USC. Lateral edge conditions can have important effects on the results of modelled sedimentary sections. The absolute mass of an oil or gas accumulation varies with the section length modelled, while more vertical grids (pseudo-wells) along a section result in less lateral
for each formation; and the dynamical time-step for the modelling calculation. The ultimate purpose of studying edge effects is to select edge conditions for application of GEOPETII to the study of hydrocarbon expulsion in the Shongliao Basin.
A synthetic cross-section was used to study the effects of variations in edge conditions ( Figure I ). The section is 40 km long with II equally-spaced pseudo-wells. There are five rock units in this section: the first and second (from the base) are composed of shale source rocks (SRI, SR2) containing 1% TOe and kerogen Type II; the third is a sandstone reservoir unit (RES); and the fourth and fifth are shale caprocks. The thickness and depth of each formation are the same at each of the pseudo-well locations, and the total thickness of the complete section is 5000 m. The number of thickness sub-divisions and the time-step for model calculations are 30 and 0.2 Myrs, respectively. For this modelling exercise other parameters were defaulted to a "look-up" table known as the Assumption Data File. These parameter values were chosen to match closely to typical values for the Shongliao field (Pang et al., 1993; Pang, 1994) . The synthetic section had "normal edge conditions", with no lithological changes at the two most marginal ("edge") wells, or in the basal unit (I) of the section ( Figure I ). 
THE GEOPETII PROGRAMME
The computer programme GEOPETII applies Darcy's law to each fluid phase, and models fluid expulsion and migration for three separate phases (water, oil and gas). The programme takes account of the solubilities of gas in oil and in water, and of oil in water, with temperature and pressure dependences, in the processes of hydrocarbon generation, expulsion, migration and accumulation. User-defined relative permeabilities for each phase are allowed, with permeabilities taken to be dependent on power-law behaviour for the partial saturation of a pore space with the separate, free-phase components of the gas/oil/water mixture.
The programme uses present-day geological data (such as lithologies, formation ages, depths, palaeowater depths, surface temperatures and geochemical data) to constrain the evolution of the basin. The model predicts the evolution with time and basinal location of porosity, permeability, formation depth, excess pressure, fluid pressure and generation pressure. It also predicts the thermal maturity of the basin, the temperature, the generation rates of hydrocarbons, the kerogen transformation ratio, and the locations and accumulated volumes of hydrocarbons. Oil and gas saturations in the pore space and fluid movement directions are also given.
In this paper, outputs from the programme are presented on a cross-section (e.g. at pseudo-wells I-I I: Figure I ), on which lateral variations of modelled factors are portrayed. The vertical variation of particular factors at the mid-point of the section (pseudo-well 6) are also demonstrated.
PREVIOUS WORK
Price (I CJ76) considered that generated hydrocarbons were expelled from a source rock in water, with the water provided by the compaction of the source rock and the dehydration of clays such as montmorillonite and illite. As capillary forces and fluid viscosities decrease at high temperatures, hydrocarbons are able to migrate through porous rocks. From a study of the distribution and occurrence of oil and gas in different basins around the world, Price (1976) considered that most oil and gas were generated in the deep sections of basins, and have high solubilities in water. These hydrocarbons therefore migrated with connate waters to shallow depths (where their solubilities decrease) leading to exsolution and accumulation in traps. A similar model of hydrocarbon expulsion and migration was proposed by Bonham (1980) , in which water flow and hydrocarbon solution in water were also emphasized.
Models of hydrocarbon expulsion and migration in aqueous solution can be used to account for the distribution and occurrence of some gas fields, but it is difficult to explain the formation of oil fields because of the following problems: (I) the solubility of oil in water is low «200 ppm: Price, ICJ76); (2) there is not enough water to carry oil in solution to traps to form the large accumulations found today (Jones, 1981) ; (3) the composition of accumulated oil does not usually show any significant differences from that of the oil in a source rock, as would have resulted from differential solubility in water and migration (McAuliffe, 1980) . Hydrocarbon expulsion and migration as a separate phase has been promoted by many geologists (Dickey, 1975; Magara, 1976; Barker, 1980; Tissot and Welte, 1978; Hedberg, 1980; Stainforth and Reinders, 1990 ), but a number of different explanations have been given for hydrocarbon migration out of a source rock. In particular, the mechanisms by which hydrocarbons overcome the largely retarding capillary pressure effects are very variable. Dickey (1975) considered the saturation of hydrocarbons in the source rock to be a major factor controlling hydrocarbon expulsion. No separate oil and gas were expelled from the source rock until saturation values exceeded a critical threshold, generally between 1-20%, with an average of about 10%. This critical saturation value for hydrocarbon expulsion varies from basin to basin, and also from researcher to researcher. For example, the value given by Jones (1981) is 8-15%, by Hunt (1979) is 2-9%, and by Ungerer et aI. (1988) is 20%. Magara (1976) took compaction of the source rock to be a major factor in hydrocarbon expulsion. Generated oil and gas first accumulate in the centres of pores; the saturation and relative permeabilities increase with a decrease in pore size due to both compaction and an increase in irreducible water saturation. Hydrocarbons are then expelled from the source rock at some stage in this process. Abnormal compaction or undercompaction is considered to be unfavourable for hydrocarbon expulsion by this mechanism. Barker (1980) and McAuliffe (1980) took hydrocarbon generation to be the major factor controlling oil and gas expulsion. Barker (1980) emphasized the importance of the volumes of oil and gas generated in the source rock before their expulsion. He considered that hydrocarbons could not be expelled from a source rock until the volumes of generated hydrocarbons (which occupy the centres of pores) are sufficient for them to connect to each other to form a hydrocarbon "pipe" network, through which hydrocarbons can migrate out of a source rock without being hindered by capillary pressure. McAuliffe (1978) emphasized the importance of kerogen abundance; generated oil and gas could migrate out of a source rock through the kerogen if the kerogen content was sufficiently large to form a three-dimensional connected network.
Microfracturing of the source rock has also been proposed to explain separatephase oil and gas expulsion from source rocks (Palciauskas and Domenico, 1980; Tissot and Welte, 1978; Hedberg, 1980) . Fracturing of source rocks due to excess pressure provides exit routes for abnormally-compressed fluids within the source rock, resulting in the migration of oil and gas in separate phases. Empirically (Jaeger and Cooke, 1968) , fractures occur in a stratum when the fluid pressure exceeds about 0.7-0.85 of the overburden rock-column (Iithostatic) pressure.
Two other mechanisms for hydrocarbon expulsion from a source rock are: the gas solution model (Neglia, 1980; Bray and Foster, 1980; Hedberg, 1980; Price et al., 1983) ; and the diffusion model (Leythaeuser et al., 1982) . In addition, other models have sought to explain hydrocarbon expulsion mechanisms through a combination of two or more of the above processes -primary migration of hydrocarbons by diffusion through the organic matter network (Stainforth and Reinders, 1990) . This model can be used to account for both hydrocarbon expulsion in separate phases, and also for some compositional fractionation in the source rock due to diffusion.
Almost all of the studies stated above are concerned with liquid hydrocarbon expulsion; the present study also concentrates on gas expulsion, because gas is generated by all types of kerogen at all maturation stages, and gas expulsion is sensitive to both buoyancy and to gas solubility in water and in oil.
It would seem difficult to determine which mechanism or model of hydrocarbon expulsion is the best or most correct, especially for natural gas expulsion. Many have been proposed for oil, and each has good theoretical foundations, geological evidence and significant applications. One question is: how do these mechanisms and models fare if they are applied to natural gas expulsion? For a given case history, it seems difficult to determine which process is more important or which has made a greater contribution to hydrocarbon expulsion under specific geological conditions. The GEOPETII modelling programme makes it possible to address this problem quantitatively.
MATERIALS AND METHODS Materials
In order to assess the relative importance of the different factors which may control primary hydrocarbon expulsion, two components are required. First, one must have available a considerable amount of downhole data from a real basin, so that the ranges over which the factors vary can be established. In this respect, the Shongliao Basin is appropriate, because two very large compendia of data are available (Pang et al., 1993; Pang, 1994) . Where parameter ranges and/or specific values are required in this paper, they have been extracted from those data bases.
Second, one must have available a basin-modelling programme of sufficient sophistication to include models of all the processes being addressed, and which is capable of accepting (and operating with) a wide range of parameters. This aspect is addressed below.
To our knowledge, the combined influence on hydrocarbon migration of "edge effects", and of different process modules using real data to constrain the allowed variations, has not been investigated before. There have been previous investigations of the influence of "edge effects" for single-phase fluid-flow/compaction models (see below). But it is not obvious that the influence of "edge effects" in a three-phase fluidflow/compaction model will be similar to the single-phase results, due to effects of factors such as buoyancy, capillarity and partial solubility. All of these "extra" components in the system imply that the motions of water, oil and gas will differ; there is then no compelling reason why edge-effects for a single-phase calculation should be mimicked by those for a three-phase calculation. The problem of edge effects therefore requires further study.
Equally, we are not aware of any previous investigation which traces the effects on primary hydrocarbon expulsion of a variety of potential processes, and for which data from a real basin act as constraints on the variations of the separate processes. Perhaps that is part of the reason why previous research has tended to emphasize the importance of individual processes -there just was not sufficient, broadly-based data to evaluate other competing processes. In the case of the Shongliao Basin, however, the required data are available.
Theoretical Considerations
Calculations of hydrocarbon expulsion have been conducted here incorporating the source rock history, the basin geothermal history, and the hydrocarbon generation history. The role of geological factors, as well as the selection of geological parameters for those calculations in the GEOPETII programme have been described elsewhere (Pang et al., 1997; Lerche 1990a Lerche , 1990b Nakayama and Lerche 1987; Cao, 1985; Yu, 1992; He, 1989) .
Expulsion and migration occur in three separate phases (water/oil/gas), and the driving forces are buoyancy, capillary pressure and excess pressure. Viscosity, permeability, relative permeability, the solubility of hydrocarbons in water, the relative pore saturation, and rock fracturing are taken into account. Technical details of the physical and chemical processes included were provided by Yu and Lerche (1995) .
EFFECTS OF VARIATIONS IN EDGE CONDITIONS
ON A CROSS-SECTION Hydrocarbons generation, expulsion, migration and accumulation are controlled by many geological factors. In general, both the porosity and permeability of formations decrease with increase of depth, while density, pressure and temperature of a formation increase. Fluid pressure is the same as hydrostatic water pressure if no abnormal pressure occurs due to abnormal compaction, which results from rapid deposition and slow expulsion of fluids. Organic matter in a source rock begins to generate hydrocarbons (oil and gas) quantitatively after its temperature exceeds a critical value, for example 60°C. Fractions of any generated hydrocarbons will remain in the source rock due to absorption by minerals, hindering from capillary pressure and by solution in water, while other fractions will be expelled to reservoirs overlying or underlying the source rock due to fracturing and compaction of the source rock, resulting from abnormal pressure and overburden load, or from diffusion and buoyancy of hydrocarbons.
Expelled hydrocarbons will migrate and accumulate in reservoirs under the action of buoyancy and other dynamical pressure drives. Density, viscosity of hydrocarbons, their solubility in water, and saturation in the source rock, as well as porosity and permeability of the source rock, all have roles to play in hydrocarbon expulsion from a source rock.
"Normal" Edge Conditions Model results for a cross-section with "normal" edge conditions are shown in Figure  2a to Figure 2f . Figures 2a and 2b show the distribution of excess pressure (kg/ern') across the section, and at the center point (pseudo-well 6), respectively. Figures 2c and  2d show the distribution of porosity and permeability at the center point (pseudo-well 6). There is no variation in excess pressure in the horizontal direction (Figure 2a) , because the depths of the strata do not vary across the section, as is also the case for porosity and permeability. As a result of these conditions, no horizontal hydrocarbon migration will occur across the section.
Vertically, however, the distribution of excess pressure is variable, and excess pressure differs from formation layer to layer. Shales in the deeper units (I and 2) have higher excess pressures than the sandstone in unit 3 and the overlying shale strata (units 4 and 5). Units I and 2 in Figure 2b have the highest excess pressures, with equivalent mud densities of about 1.90 to 2.0 g/cm", followed by the fourth and fifth (shale) units, which have equivalent mud densities of about 1.4 to 1.5 g/cm", The third (sandstone) unit has the lowest excess pressure, and also has the highest porosity and permeability ( Figure 2c and Figure 2d ). The high excess pressure in the source rock (Units I and 2) is favourable for the production of fractures, which will increase permeability, thereby aiding the expulsion of oil and gas. The excess pressure in the caprocks (Units 4 and 5) will prevent the escape of hydrocarbons which have accumulated in the underlying sandstone reservoir, because the excess pressure is too small to fracture the caprock.
Figures 2e and 2f illustrate the distributions of the accumulated oil and gas; hydrocarbons appear to be distributed in the reservoir unit homogeneously (Figure 2e ). However, some of the gas generated by the decomposition of kerogen did not migrate out of the source rock because of absorption and capillary pressure (Figure 2f ), and remains in source-rock layers 1 and 2. -3.00 -1.00 1.00 of excess pressure across the section; (b) distribution of excess pressure with depth at the section center (pseudo-well 6); (c) distribution of porosity with depth at the section center (pseudo-well 6); (d) distribution of permeability with depth at the section center (pseudo-well 6); (e) oil accumulation across the section; (f) gas accumulation at the section center (pseudo-well 6).
The Effects of Variable Edge Conditions
The effects of different edge conditions on the modelled results have been studied by changing only a single parameter at a time, in order to examine its effects' on the model results. All other parameters were kept at the values used in the case of the "normal conditions" just described (Figures 2a-f) .
(a) Effects of section length and number of pseudo-wells
The lengths of the source rock, reservoir and caprock sections were all increased to 80 km. The modelled results for this longer section ( Figure 3 ) were identical to those for the shorter (40 km) section (Figure 2 ), as would be expected. The reduced graphical continuity of the accumulated oil for the longer section (80 km), which has the same number of pseudo-wells (40), results from there being less vertical grids per unit length (equal to the number of pseudo-wells) in the modelling calculation. 
(b) Effects ofpermeable lithologies at the two most marginal pseudo-wells
If the lithologies at the two most marginal pseudo-wells (the left-hand well I and the right-hand well II) are varied, the results of the modelling procedure are affected. Figure 4a and Figure 4b illustrate the distributions of excess pressure and accumulated oil (per gm of rock) in the reservoir unit when permeable sandstones are located at the two most marginal pseudo-wells. The excess pressure decreases at the margins due to this change in lithology, but this decrease is limited to the three most marginal wells at each edge ( Figure 4a ). There is a greater decrease of the excess pressure towards the centre of the section for "edge" sandstone formations compared to "edge" shale units at pseudo-wells I and II. The thicknesses of the formations at the two most marginal wells were increased relative to the "normal" conditions because of the lesser compaction for sandstones in the modelling calculation. Because of the differences in excess pressures between the pseudo-wells oil and gas, which migrate from higher pressures to lower pressures (Chen et aI., 1989; Palciauskas et aI., 1980) , accumulate at the two lateral edges of the section (Figure 4b ). When a low-permeability lithology (shale) is present at the two most marginal wells, the effects on the distribution of excess pressure, and on hydrocarbon accumulation, are precisely the opposite. There is a build-up of excess pressure at the three wells nearest to each edge (Figure 4c ), and more oil tends to accumulate at the section centre (Figure 4d ). Some accumulated oil in the reservoir (Unit 3) migrated upwards into the caprock (Unit 4) near the marginal wells due to pressure drive from underneath and due to the abnormal larger porosity of the caprock near the margin edges due to its lesser compaction. • Figure 4b . 
(c) Effects of permeable lithology at the basal layer
A 500 m thick permeable sandstone unit was added to the base of the section, and all other parameters and conditions were kept the same as for " normal" conditions. Figures Sa and Sb show the modelled results for the variation of excess pressure and for gas accumulation, respectively, at pseudo-well 6. Excess pressure in the source rock unit was lower ( Figure 5a ) than in the section with "normal" conditions ( Figure  2b ). In particular, this decrease was most noticeable in the basal part of the source rock adjoining to the basal permeable sandstone unit, which acts as a fluid conductor, allowing migration of fluids in the source rock to the basal layer. Under these conditions, less excess pressure was built up in the source rock, and smaller amounts of fluids were expelled upwards to the sandstone reservoir unit, which resulted in smaller hydrocarbon accumulations (Figure 5b ).
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Depth (m) 0 --j,..,..,.,~,!;: When the thickness of the permeable sandstone layer added at the base was increased from 500 m to 1,000 m, both the excess pressure in the source rock and the volume of accumulated hydrocarbons in the reservoir unit were further decreased (Figures 6a and b) . Because excess pressure in the source rock is favorable for hydrocarbon expulsion (Chen et a\., 1989; Palciauskas et a\., 1980) , the implication is that less expulsion will take place in this case.
With the decrease of excess pressure in the source rock near its base due to the high permeability of the basement reservoir, hydrocarbons should be expelled downward to the basement reservoir and accumulated there. This effect did not happen because of the following reasons: (I) hydrocarbons expelled downward to the basement reservoir in water solution cannot be released from water because of the increase of their solubility in water with depth; (2) it is more difficult for separate phase hydrocarbons in the source rock to beexpelled downward due to: their absorption on minerals of the source rock; resistance of capillary pressure; and buoyancy in water; (3) smaller excess pressure near the source rock base does not imply source rock fracturing and consequent fluid bleeding, but rather a more normal compaction.
Excess Pressure at Pseudo-Well 6 (eg. mud density, gmlcm3) Depth ( The effects of a low-permeability lithology (shale) at the base of the section were precisely the opposite. Thus, higher excess pressure in the source rock and more hydrocarbons in the overlying reservoir unit were produced when the thickness of the low-permeability lithology at the base increased. However, these increases were much smaller than the decreases recorded when a permeable sandstone was present at the base.
ExcessPressureat Pseudo-WeD 6 (eq. mud denSity, gmIcm3) Ga. Accumulation a' Psaudo-Wan 6 (mglg of rock) Model results for the cross-section with a 500 m thick sandstone unit at the base, but only 10 sub-divisions: (a) distribution of excess pressure with depth at the section center (pseudo-well 6); (b) gas accumulation at the section center (pseudo-well 6).
(d) Effects of the number of sub-divisions
The number of thickness sub-divisions for each layer (including the added basal layer) is 30 under "normal" conditions. The excess pressure in the source rock and the volumes of accumulated hydrocarbons in the overlying reservoir unit both decreased when the number of sub-divisions for the sandstone layer added at the base (500 m thick) decreased from 30 to 10 (Figures 7a,b) . The number of subdivisions in the modelling calculation therefore appears to have a significant effect on the results, and more numerous sub-divisions tend to produce higher excess pressures and greater hydrocarbon accumulations. Nakayama and Lerche (1987) investigated the effects of the number of subdivisions and time-steps on formation depth, formation thickness, pressure, temperature and porosity. They concluded that more numerous sub-divisions and smaller time-steps tended to produce more stable results. Generally, the sub-division thickness and the time-step should be less than 30 m and 0.25 Myrs, respectively, if stable model results are to be achieved. But more numerous sub-divisions and smaller time-steps take more computer time; thus, a pragmatic compromise is that the ratio of the thickness deposited during a single time-step to the thickness of each sub-division should be less than 0.4. This ratio should also be used in studying hydrocarbon expulsion, which is also controlled by dynamic factors.
(e) Effects of complex edge conditions
Complex edge conditions result in complex results. Figures 8a shows the distribution of excess pressure across the section, and Figure 8b shows the vertical variations in oil concentration in the reservoir unit at pseudo-well 6, when a permeable sandstone is used at the two most marginal wells and when the number of sub-divisions for all layers is reduced in the modelling calculations. Figures 8d and 8c show the results of oil accumulation modelled under "normal" edge conditions (30 sub-divisions), and under "sandstone" edge conditions, respectively.
In Figure Sa , the excess pressures are lower throughout the whole section than those under "normal" edge conditions (Figure 2a ) due to a smaller number of sub-divisions. The excess pressures between the three wells nearest to each edge are greatly decreased as a result of permeable sandstones at the two most marginal wells ( Figure  4a ). Less numerous sub-divisions produced lower excess pressure in the source rocks, and resulted in less hydrocarbon accumulations in the overlying reservoir unit. The presence of a permeable lithology at the two most marginal wells decreased the excess pressures between the three wells nearest to each edge, resulting in the migration of hydrocarbons toward the two edges of the section.
DISCUSSION
In the investigation reported here, ten different kinds of edge conditions have been studied. Their effects on fluid pressure, excess pressure, permeability, oil accumulation, and gas accumulation in the synthetic section are summarized in Table I .
Some general conclusions can be drawn by comparing the results of all the edge conditions.
I. The section length and the number of pseudo-wells appear to have significant effects on oil and gas accumulations, which increase with an increase in section length, while the continuity of the accumulations in the reservoir decreases when the number of pseudo-wells increases.
2. The introduction of different lithologies at the two lateral edges of the section has different effects on the results. However, their effects are limited to the three most marginal wells at both sides of the section. Sections with higher-permeability lithologies at the margins tend to have lower excess pressures and greater oil and gas accumulations at the edges; while sections with lower-permeability lithologies at the edges tend to have higher excess pressures, and smaller oil and gas accumulations at these locations, because hydrocarbons tend to migrate from higher to lower pressures.
3. The introduction of different basal lithologies has different effects on the model results. A section with a thicker, higher-permeability basal layer tends to have smaller excess pressures in the shales above the basal layer, and smaller oil and gas accumulations in the overlying reservoir unit. The results are the opposite for a section with a thicker, but lower permeability, basal layer. 4. For a fixed-length section, the greater the number of sub-divisions, the higher will be the excess pressure in the shale, and the greater the oil and gas accumulations in the reservoir unit above the shale source rock.
5. Complex edge conditions have complex effects on model results. More subdivisions and smaller time-steps tend to produce more stable model results, but computation time increases.
EFFECTS OF GEOLOGICAL FACTORS ON
HYDROCARBON EXPULSION After the effects of edge conditions on model results had been examined, a section with "normal" edge conditions was selected in order to study the effects of various different geological factors on hydrocarbon expulsion. The number of sub-divisions and time-steps for all layers were kept at 10 and 0.1 Myrs, respectively. The ratio of the subdivision thickness to the thickness deposited in a time-step (20 m) was about 0.4. All the edge conditions and parameters for the modelling calculation were kept constant. The effects of particular geological factors on hydrocarbon expulsion are expressed by the variation of model results, due to individual factors changing from their minimum possible values to their maximum possible values, with all other geological factors kept at their most likely values.
Geological Factors
Hydrocarbon expulsion is controlled by hydrocarbon generation and retention in the source rock which, in tum, is controlled by the geohistory and thermal history of the source rock as well as its characteristics. Theoretically, every geological factor or parameter related to the geohistory, thermal history of the source rock, and its hydrocarbon generation and retention, has an effect on hydrocarbon expulsion. The GEOPETII modelling system allows for up to 380 such geological parameters to be investigated. In this paper, twelve factors were studied for their relative contributions to hydrocarbon expulsion. These factors are: gas buoyancy; gas solubility; water saturation; capillary pressure; fracturing of the source rock; gas viscosity; relative permeability; total organic carbon content; kerogen type; source rock age; and paleoheat flux.
In general, each geological parameter under real geological conditions can only have a limited range of values. For example, the paleoheat flux in the Shongliao Basin was taken to vary between I HFU to 2.0 HFU; subsurface temperatures then vary between 15°C to 200°C. Kerogen type varies between types III and I; TOC varies between 0% and 5% for the lacustrine shales, and between 0% and 10% for the marine source rocks; the water density varies in the range 1.0 and 1.2 g/crrr'; the solubility of gas in water is between 0.5 to 15 m 3/m3 ; the sand grain-size is 0.01-2 mm; and the critical fracture criterion is 0.5-1 (Pang et aI., 1993; Pang, 1994) .
The minimum possible values (Xrnin), maximum possible values (Xmax), as well as the most likely values (X), for these geological parameters can be obtained by statistical analysis of the available data. Table 2 lists statistical results for the twelve parameters studied during hydrocarbon expulsion modelling based on data from nonmarine formations in the Shongliao Basin, China (Pang et al., 1993; Pang, 1994) . 
Model Results for Hydrocarbon Expulsion.
The section with "normal edge" conditions was used to study hydrocarbon expulsion under the action of the twelve different geological parameters. Figure 9 illustrates the modelled results for gas accumulation in both the source rock and the overlying reservoir unit at pseudo-well 6. Because no lateral migration takes place in such a section, separate-phase gas is taken to be expelled vertically through the porous medium or by means of microfractures; the total mass of gas generated (Qp) is just the sum of: gas accumulated in the source rock (Qrs) and in the reservoir rock (Qes)' plus the gas dissolved in oil and water (Q), the gas retained in the source rock (Qrs)' together with gas in oil and water (Q:"J expelled from the source rock. In this situation, the gas expulsion efficiency (Reg) can be expressed as:
For example, the accumulated amounts of separate-phase gas in the source rock and in the reservoir, obtained by adding up the total areas displayed in Figure 9 , are 11.9 and 34.0 mg/g, respectively. The total expulsion efficiency (Reg) is then about 0.74.
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Effects of Geological Factors on Hydrocarbon Expulsion
The modelled results of gas accumulation in Figure 9 were obtained using the average values for all twelve geological parameters. The gas expulsion efficiencies (MinR~, MaxR~g) for minimum and maximum values (Xmin,xmax) for each geologic:1 parameter can be compared to the gas expulsion efficiency (R, ) using the "most
likely" values for all of the geological parameters in Table 2 . Th~magnitude of the variation of the gas expulsion efficiency (IMaxR~-MinR~I) is used to express quantitatively the variation caused by each individu~1 facto;' For each factor, two model results are generated, similar to Figure 9 , using minimum and maximum factor values; the gas accumulations in the source rock (Qrs) and in the reservoir rocks (Qes) are also calculated.
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Gas _sIty = 0.0096 gmJem3 -~~3 Figure lOa and Figure lOb show the model results for gas accumulation in the source rock and in the overlying reservoir unit, respectively, at pseudo-well 6 under conditions of minimum gas density (i.e. maximum gas buoyancy) and maximum gas density (i.e. minimum gas buoyancy). A lower value for the gas density means a larger buoyancy for migration; under these conditions, more gas is expelled from the source rock and accumulated in the sandstone unit above (Figure lOa) . With higher gas density the effect is the opposite (Figure lOb) , the gas expulsion efficiency decreases from 82% to 74% when the gas density (STP equivalent value) increases from 0.0016 to 0.0096 g/cm", The magnitude of the variation of gas expulsion efficiency is about 8.2%.
(i) Effects of variations in gas buoyancy
( Figure Ila and Figure II b show the modelled results for gas accumulations in the source rock and in the reservoir unit at pseudo-well 6, respectively, under conditions of minimum gas solubility and maximum gas solubility (a function of pressure and temperature in both water and oil (Table 2» . Lower solubilities of gas in water and oil mean more separate-phase gas is available for expulsion and migration; under these conditions more gas is expelled and accumulated in the free phase ( Figure Ila) . The gas expulsion efficiency increases from about 74% to 76% when the gas solubilities decrease from their "most likely" to their minimum values. The reverse occurs when the gas solubilities in water and oil increase from their "most likely" values to their maximum values (Figure II b) ; the separate-phase gas expulsion efficiency decreases from 74% to 0%. Increased solubility of gas in water and oil is obviously unfavorable for separate-phase gas expulsion.
ii) Effects of variations in gas solubility
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Layers 2.00 4.00 6.00 0.00 2.00 4.00 6.00 8.00 10.000 (iii) Effects of variations in irreducible water saturation. Figure 12a and Figure 12b show the modelled results for gas accumulations in the source rock and the overlying reservoir unit at pseudo-well 6, respectively, under the conditions of minimum (70%) and maximum (95%) values for the "irreducible" water saturation (SH wir ) in the source rock. A lower value for SH wir means that more pore space is left for the retention of hydrocarbons; under these conditions, less hydrocarbons will be expelled and accumulated (Figure 12a ). Conversely, a larger SH wir value means that less pore space will be left for the retention of hydrocarbons, so more hydrocarbons are expelled (Figure 12b ). The gas expulsion efficiency increases from 62% to 89% when the "irreducible" water saturation increases from its minimum value (70%) to its maximum value (95%). The maximum magnitude of variation for the gas expulsion efficiency is about 27%. A high value for irreducible water saturation is thus a favourable factor for hydrocarbon expulsion. Because irreducible water saturation in the source rock increases due to expulsion of free water with burial depth, compaction of the source rock will favor hydrocarbon expulsion (Magara, 1977; Chen et al., 1989) .
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(iv) Effects of capillary pressure variations
Capillary pressure in the source rock will depend on both the grain-size difference between the source rock and the adjoining reservoir unit, and on the surface tension force between gas and water. Figures 13a,b and c show the model results for gas accumulation at pseudo-well 6, for three different ratios of sandstone to shale grainsize (I: 10, 1:I, and 10:1, respectively). 
.00 2.000
00+---1 Figure 13a . Figure 13b . Figure 13. Gas accumulation across the cross-section with different parameters for capillary pressure calculation: (a) with a reverse value for the ratio of sandstone grain-size to shale grainsize (I: 10); (b) with the same value for the sandstone grain-size and shale grain-size (I: I); (c) with a normal value for the ratio of sandstone grain-size to shale grain-size (10: I); (d) with a minimum value for the surface tension of gas to water (25 dyn/cm); (e) with a maximum value for the surface tension of gas to water (70 dyn/cm).
Capillary pressure drives hydrocarbons from smaller grain-size to larger grain-size lithologies under water-wet conditions. Figure 13a shows that no gas has been expelled from the source rock and accumulated in the "reservoir sandstone" because the reservoir in this case has a smaller grain-size than that of the source rock, while Figure 13c shows that more gas has been expelled from the source rock and accumulated in the sandstone (which has a larger grain-size than the source rock). The expulsion and accumulation of gas displayed in Figure 13b resulted from the action of other factors (such as fluid pressure and buoyancy) rather than capillary pressure, because in this case there were no grain-size differences and so no capillary pressure between the source rock and the sandstone.
In real geological conditions, the sandstone grain size is always greater than that of the source rock (shale or limestone), so that capillary pressure always drives hydrocarbons from source rock to sandstone reservoir.
Gas Accumulation at Pseudo-Well 6 (mglg of rock)
2.00 4.00 6.00 8.00 10.00 2.00 4.0 I ayers 0.00 MYBP Kp = 1.0 Figure 14a . Figure 14b . The gas expulsion efficiency increases from 71% to 75% when the grain-size ratio of sandstones to shales increases from its minimum (I: 10) to its maximum (10: I). A large grain-size difference between the source rock (usually much smaller grain-size) and the reservoir (usually much larger grain-size) is obviously favorable for gas expulsion. The maximum difference of the effect on the separate-phase gas expulsion efficiency is about 5% for the values used here. Figure 13d and 13e show modelled results for gas accumulation at pseudo-well 6 under conditions of minimum and maximum surface tension between gas and water, respectively. The gas expulsion efficiency increases from 72% to 77% when the surface tension increases from 25 to 70 dyn/cm. The maximum difference which the surface tension makes on the separate-phase gas expulsion efficiency is about 5%. Figures 14a and b show the modelled results for gas accumulation at pseudo-well 6, under the conditions of minimum (0.5) and maximum (1.0) values for the critical fracture coefficient, I. respectively. A low value of f means that the source rock fractures more often and at an earlier stage of burial, so there is little excess pressure build-up in the source rock. Under these conditions, more fluids (oil, gas and water) are expeiled from the source rock through the fractures (Figure 14a ). The effect on gas expulsion of a larger critical fracture value is the opposite (Figure 14b ). The gas expulsion efficiency decreases from 89% to 72% when the critical fracturing value increases from 0.5 to 1.0. Earlier, and more frequent, fracturing of the source rock is favorable for separate-phase gas expulsion, and the maximum range of variation this fracturing has on the expulsion efficiency is about 17%.
(v) Effects of variations in source rock fracturing
Gas Accumulation at Pseudo-Well 6 (mglg 01rock) 2.00 4.00 6.00 8.00 10.00 2.00 4.00 6.00 8.00
0.00 MYBP 0.00 MYBP Figures 15a and b show the modelled results for gas accumulation at pseudo-well 6, under conditions of minimum and maximum gas viscosity, respectively. Lower viscosity results in a more rapid migration, and a more rapid increase of gas accumulated in the reservoir unit above the source rock (Figure 15a ), compared to the higher-viscosity situation (Figure 15b ). The separate-phase gas expulsion efficiency decreases from 80% to 74% when the viscosity increases from its minimum value (0.054 cP) to its maximum value (0.246 cP). The maximum range of variation on the separate-phase gas expulsion efficiency is about 6%. Figures 16a and b show the modelled results for gas accumulation at pseudo-well 6 under the conditions of a minimum power factor (b=O) and a maximum power factor (b=5) used in the calculation (Yu and Lerche, 1995) of the relative permeability for gas, respectively. A lower power factor means a larger relative permeability, so more gas migrates out of the source rock and accumulates in the overlying reservoir ( Figure  16a) . A larger power factor leads to less gas being expelled and accumulated ( Figure  16b ). The gas expulsion efficiency decreases from 76% to 0% when this power factor increases from its minimum to its maximum value. The maximum range of variation on the separate-phase gas expulsion efficiency is about 76%.
(vi) Effects of variations in gas viscosity

(vii) Effects of variations in permeability
Gas AccumulaUon at Pseudo'Well6 (mglg of rock)
2.00 4.00 6.00 8.00 10.0 0 2.00 4.00 6.00 8.00 10.0 layers 0.00 MYBP Power factor for relative permeability calculati n: 6=0
4000-1.;::-- Figure 16a . Figure 16b . 
(viii) Effects of variations in organic-matter content and kerogen type.
Organic carbon content, and kerogen type and maturity, influence oil and gas generation, and so control oil and gas expulsion and accumulation. Figures 17 and 18 show modelled results for gas accumulation at pseudo-well 6, under the conditions of minimum (I %) and maximum organic carbon content (5%), and for kerogen Type III and Type II, respectively.
Gas Accumulation at Pseud<rWell 6 (mglg of rock) The gas expulsion efficiency increases with an increase of the total organic carbon content (TOC) when the kerogen type is fixed at Type III. For example, the gas expulsion efficiency increases from 74% to 81% when TOe increases from I% to 5% (Figure 17a,b) ; the twin peaks of figure 17b are caused by relative solubility effects as discussed in Yu and Lerche (1995) .
The separate-phase gas expulsion efficiency decreases when the kerogen is changed from Type III to II and then to Type I, if the TOe is fixed at the same value. For example, the gas expulsion efficiency decreases from 80% to 74% (then to 0%) as the kerogen changes from Type III (Figure 18a ) to II to 1 (Figure 18b ). This effect arises because a source rock with kerogen Type 1 generates more oil and less gas, no separate phase gas is left after solution in oil and water. The maximum effect of kerogen type on gas expulsion efficiency is about 80%.
Under the same conditions, kerogen Type 1generates more gas than kerogen Types II or III, so the question here is: Why has no separate-phase gas been expelled and accumulated? There are two reasons: the first is that the amount of gas generated from kerogen Type 1 is relatively small compared to the amount of oil generated; the second is that the solubility of gas in oil increases with pressure (i.e. depth). Much of the generated gas is dissolved in the generated oil, so the small fraction of gas remaining can be dissolved in connate waters (Pang, 1994) .
(ix) Effects of variations in source rock age and paleoheat flux
Time and temperature influence hydrocarbon expulsion, migration and accumulation. The temperature of the source rock with time is determined mainly by its age, burial path and the regional paleoheat flux. Figures 19 and 20 show modelled results for gas accumulation at pseudo-well 6 under conditions of maximum source-rock age (three times as old as the source rock in the general model) and a maximum paleoheat flux (2 HFU), respectively.
The gas expulsion efficiency increased from 0% ( Figure 19a) to 74%, and then to 79% (Figure 19b ), when the age of the source rock was increased from 15 to 50 Myrs, and then to 150 Myrs. The maximum variation on separate gas expulsion efficiency is about 79%.
The gas expulsion efficiency also increases as a result of an increase in the paleoheat flux. For example, this efficiency increased from 0% to 74%, and then to 79%, when the paleoheat flux was increased from its minimum value (I HFU) (Figure 20a ), to its "most likely" value (1.5 HFU), and then to its maximum value (2 HFU) (Figure 20b ). The maximum variation on separate-phase gas expulsion efficiency is about 79%.
Relative Importance of Geological Factors to Hydrocarbon Expulsion
Changes of geological factors result in variations of model results. As a geological factor varies, the maximum variation in the magnitude of the gas expulsion efficiency is taken to represent the maximum effect which the geological factor has had on gas expulsion. In this way, the ratio of the maximum effect for a particular geological factor to the sum of all the maximum effects of all the twelve factors provides a quantitative measure of the relative importance (RI) of each factor to gas expulsion, thus:
where RI is Relative Importance of a particular factor, x; MaxR eg is the maximum separate-phase gas expulsion efficiency; MinReg is the minimum separate-phase gas expulsion efficiency; x denotes the particular geological factor. The relative importance of geological factors to gas expulsion, as well as brief explanations of the results, are summarized in Table 3 . The symbols "+", "-" and "=" in Table express an "increase", "decrease" or "equal" amounts of accumulated gas in the reservoir unit above the source rock, compared to the modelled results calculated with "most likely" values for the factors. Geological Factors Figure 21 . Relative Importance (RI, %) of geological factors to gas expulsion across the section For parameter ranges considered to bracket the range of values appropriate to the Shongliao Basin, it would appear that four factors (total organic carbon content, kerogen type, source rock age, and paleoheat flux) have a dominant effect on oil and gas expulsion. Their total relative importance to gas expulsion is about 60% (fractional RI values of 0.15, 0.15, 0.15 and 0.14, respectively). The total relative importance of the other eight factors is about 40%; among them, solubility and relative permeability are equally important (RI values of 0.14); then "irreducible" water saturation in the source rock (RI=O.05), fracturing (RI=0.03), capillary pressure (RI=0.02), buoyancy (0.016) and viscosity (RI=O.OII) (Figure 21 ). DISCUSSION AND CONCLUSION Because the reliability of basin modeling results is dependent on the geological models adopted and on the quantity and quality of the data, as well as on the geological parameters selected, the model results and implications for hydrocarbon expulsion are also limited by these conditions.
1. This study has concentrated mainly on gas expulsion, because gas is generated by all types of kerogen at all maturation stages, and gas expulsion is sensitive to buoyancy and to solubility in water and in oil. Gas expulsion is sufficiently sensitive that a slight change in geological factors can have a major influence on expulsion; for example, the grain-size difference between source rock and reservoir rock can result in a maximum change of gas expulsion efficiency from 0% to 100%.
2. The effects, and relative contributions, of twelve geological factors on gas expulsion have been considered, based on model results. However, if the depth of the source rock increases from 5000 m (the depth used here) to 9000 m, then the model results, as well as the relative importance of other factors, will be changed because burial depth is an important factor controlling oil and gas generation, expulsion, migration and accumulation.
3. The effects, and relative contributions, of geological factors have been calculated and discussed on the assumption that all of these factors are independent of each other, but some are not completely independent of geological conditions. For example, the viscosity of gas decreases when the temperature increases or gas density decreases.
4. The effects, and relative contributions, of geological factors to hydrocarbon expulsion have been studied as they change from minimum to maximum values. But what are the minimum and maximum values for a given geological factor? It is difficult to give a precise definition, because the values are associated with the statistical analysis of results based on the data available. Values may change from basin to basin, or from researcher to researcher. For example, palaeoheat fluxes of I HFU and 2.0 HFU were taken to be the minimum and maximum values in this study, but other researchers may take 0.5 HFU and 2.5 HFU, or 0.6 HFU and 2.2 HFU as possible minimum and maximum values. Such influences on the relative importance of contributions to primary hydrocarbon expulsion would need to be considered de novo.
Two major points arise from the investigation presented here. First, in respect of "edge" conditions influencing the central region of a modelled section, it would appear that as long as one considers results which are three to four vertical grid lines away from the lateral edges then, even for three-phase flow results, one can be fairly confident that the results are not influenced by the conditions at the edges. In the case of basal conditions, it would appear that a pragmatic rule to ensure stability of results is that the code should adjust time-steps until the ratio of thickness of sediment deposited (or eroded) in a time-step is less than about 40% of the horizontal grid spacing used in the calculations. Failure to ensure that similar conditions are derived (and used!) for any particular basin analysis code carries the implication of less than rugged stability and reproducibility of results as vertical and lateral grid spacings, time-step sizes, and basal and lateral edge conditions are varied. Second, once numerically acceptable conditions are satisfied, the different factors influencing primary hydrocarbon expulsion from a source rock can be studied. Here, the difficulties are two-fold: One must have available a quantitative numerical model which includes all the processes one is attempting to investigate; and one must have available sufficient broadly-based data to provide constraints on the likely ranges of parameter variations in a given basin. Without such a data base, it is all too easy to adjust parameters to magnify the effects of any particular process of interest at the expense of the other processes that could be occurring.
In the case of the Shongliao Basin, China, such data constraints are available (Pang et aI., 1993; Pang, 1994) , and permit the identification of the solubility of hydrocarbons in connate waters, the relative permeabilities of oil and gas, the TOC content of the source rock, the kerogen type, the ages of source rock strata, and the palaeoheat flux, as roughly equal dominant contributors to primary hydrocarbon expulsion. Buoyancy, hydrocarbon saturation in irreducible water, capillary pressure, rock fracture limits, and hydrocarbon viscosity are important, but not as critical as the dominant contributors.
Thus, no one process dominates. It is, perhaps, the systematic investigation of all the processes taken together, and constrained by the available data, which shows how to evaluate contributions to primary hydrocarbon expulsion. This message is the main point of the work reported here.
